bins are sometimes referred to as metagenome assembled genomes (MAGs) [23] . 85 This approach has been used for some time [24] , but a fairly recent development 86 is to perform the binning using a combination of sequence composition and 87 differential abundance information [25] [26] [27] [28] . Whereas it is possible to use as few 88 as two samples for utilizing differential abundance information, the quality of the 89 binning results can be greatly improved by increasing the number of samples 90 [26, 27] . 91 92 Although both the SAG and the MAG approach have proven powerful and 93 contributed greatly to our understanding of the physiology and evolution of 94 organisms [23, 29-32], a number of challenges are associated with each 95 approach. SAG sequencing is demanding in terms of instrumentation and staff 96 [33] . Starting with only one genome copy makes DNA amplification necessary 97 but difficult, which often results in highly uneven coverage depth and some 98 regions being completely missing from the sequencing output [21, 34] . 99 Furthermore, cell dispersion, which might be necessary when cells are attached 100 to particles or have formed biofilms, can be problematic and hinder genome 101 recovery from some single-cells [35] . Obtaining a large number of high quality 102
MAGs, on the other hand, requires extensive sequencing and ideally a large 103 number of samples that to some degree share the same organisms in different 104 abundances [27] . The quality of the MAGs is also highly dependent on the quality 105 of the metagenome assembly; short contigs are not considered by most binning 106 algorithms since their coverage and composition information contain too much 107 noise [27, 36, 37] . Another limitation is the computational demands, which 108 normally exceed those for SAG assembly [36] . Also, due to intraspecies genetic 109 variation in the community, genomes recovered from metagenomic data often 110 represent a population of closely related organisms (i.e. strains) rather than an 111 individual organism [36] . 112 113 Studies have successfully combined the SAG and MAG approaches to reach 114 conclusions about organisms and ecosystems [38, 39] . The approaches have also 115 been combined to methodologically improve either the quality of the single-cell 116 assemblies [40] or the metagenome binning performance [41] . However, with 117 the exception of a study that focused on a single phylum and that did not use 118 abundance patterns over multiple samples for the MAG construction [38] the 119 performance of the two approaches have to our knowledge not been thoroughly 120 compared. The aim of this study was to do a comprehensive comparison 121 between the SAG and MAG approaches for recovering prokaryotic genomes. We was run on each cluster ( Fig. 1 , Table S2 ). This analysis showed that the 182 completeness of the SAG genomes (average 46.6%) was lower than for MAG 183 genomes (average 92.6%) ( There was a substantial range in gene content overlaps in different clusters ( Fig.  199 1). For example, most MAGs in BACL1 contained a large set of genes (~35% of 200 genomes) missing in the corresponding SAG (BS0038H10), whereas the SAG in 201 this cluster contained few genes (~5% of genomes) not present in the MAGs. In 202 contrast, in BACL7, similar portions of the genes (~20% of genomes) were 203 unique to the SAG or the MAGs. The case of BACL21 is particularly interesting 9 since it contained two SAGs (the only cluster with more than one SAG) that 205 differed substantially in size (1.0 Mb and 1.6Mb; Table 1 ). The two SAGs together 206 covered nearly the entire gene content of the corresponding MAG (Fig 1) . 207 208 Since the SAGs contained genome regions not present in the MAGs (on average 232 78.9% of SAG genomes aligned with the corresponding MAG genomes), we 233 investigated potential reasons for these regions to be missing in the MAGs. 234 Accordingly we determined the distribution of SAG sequencing reads mapping to 235 different categories of metagenome contigs. This quantification showed that on 236 average 73.9% of the SAG reads mapped to the contigs in their corresponding 237 MAG (Fig 3a) . Other metagenome contigs included in the binning, but that had 238 hence ended up in other bins, recruited far fewer reads (average 1.42%) (Fig 3b) . 239
Analysis of functional gene data
The length of DNA covered by SAG reads in these contigs divided by the length of 240 DNA covered by SAG reads in the contigs that were subject to binning was on 241 average 3.6% (Table S3 ). This estimate is valuable since it serves as an estimate 242 of the false negative rate of the binning procedure. The remaining SAG reads 243 were either mapping to small contigs (<1000 bp) not included in the binning 244 because they were too short (<1000 bp) (average 12.44% of reads) or not 245 mapping to metagenome contigs at all (12.20% of reads) (Fig 3c,d) , and were 246 hence rather reflecting insufficient metagenomic assembly. 247 There are, however, differences between the two methods. When conducting 279 sequencing of single-amplified genomes, one of the benefits is that the cells can 280 be screened and the researcher can select particular cells to sequence, perhaps 12 targeting a specific taxon or function. Furthermore, if one has only very few 282 samples, producing SAGs may be preferable since the efficiency of the MAG 283 approach improves with the number of samples [27] . Similarly, the MAG 284 approach may have difficulties binning closely related strains that display similar 285 abundance patterns, or alternatively closely related strains that display a wide 286 variation in genetic content, since core-and strain-specific parts of the genomes 287 may obtain different abundance patterns. SAGs also supply superior information 288 on which nucleotide variants that co-occur within a genome (haplotypes), 289
Fig. 3 -Distribution of SAG reads mapped against metagenome
whereas for metagenomics, this information is limited to the read length, 290 although computational approaches for haplotype reconstruction are emerging 291
[48]. Nevertheless, metagenome-assembled genomes do recover a higher 292 percentage of the genome compared to SAGs. Also, since reads from many 293 individuals of each population are being sampled, population genomic analysis 294 can be performed using the metagenome data [49-51], and additional 295 information about the whole microbial community is obtained from the 296 metagenome dataset, which is achieved with a more standard set of equipment 297 compared to that needed for single-cell sequencing. Multiple samples are often 298 beneficial for ecological investigations, making such projects suitable for MAG 299 construction. Nevertheless, the fact that the genomes matched abundant OTUs 300 with representatives from different taxonomic groups shows that both the SAG 301 and the MAG approaches have a broad generality when applied to environmental 302 samples. 303 304
Size of SAGs compared to MAGs

305
The SAGs in this study were consistently smaller than the corresponding MAGs. 306
This could be caused by either incomplete SAG assemblies or by metagenome 307 contigs erroneously placed in MAGs by the binning algorithm. Looking closer at 308 the case where two SAGs aligned to the same single MAG (i.e. BACL21), there was 309 evidence that the smaller of the two SAGs (BS0038D2) was incomplete, i.e. it 310 lacked a large fraction of genes that were shared by the second SAG and the MAG 311 ( Fig. 1 ). Our results therefore support the first explanation, which has been 312 previously observed [52, 53] . Combining the sections included in the SAGs would 313 also cover a higher proportion of the MAG than any of the two SAGs did 314 individually ( Fig. 1 ). Furthermore, MAGs showed a low level of redundancy, 315 which would likely have been higher if MAGs contained a high degree of 316 erroneously binned contigs. Finally, SAGs are also less complete than MAGs as 317 estimated by SCGs. 318
319
The cause for incomplete SAGs could be either uneven or incomplete 320 amplification of parts of the single genome copy [21] . The average sequencing 321 depth was, however, one order of magnitude higher for the SAGs than the MAGs 322 (Table S1 ) and in most cases the sequencing reads used were longer, which 323 should be beneficial for assembly quality. We therefore conclude that the major 324 causes for small SAGs are problems during the whole-genome amplification. 325
These are well-known issues of the SAG approach, and attempts to improve this 326 method are ongoing [54, 55] -for example, multiple SAGs from the same 327 population can be sequenced for better coverage [34] . Even though the SAGs 328 were smaller than MAGs, the analysis of COG categories within each matching 329 SAG and MAG demonstrated that the two approaches capture the broad 330 functional categories in a similar manner (Fig. 2) . 331
Metagenome assembly is the principal source for MAG 332 incompleteness 333 Since the redundancy was low in all SAGs, it is a reasonable assumption that 334 there was no contamination during the laboratory work and that all sequencing 335 reads originated from the intended organism. With the caveats that the whole 336 genome amplification of single cells generates uneven depth of coverage for 337 different parts of the genome [21], and potential sequence variation between 338 strains of the same population, this allowed us to investigate how well the MAGs 339 accounted for the whole genome of that organism within the metagenome (Fig.  340 3). SAG reads mapping to contigs included in the corresponding MAG accounted 341 for the largest fraction for all pairs of MAGs and SAGs, confirming the 342 completeness of the MAGs (Fig 3a) . In contrast, reads mapping to contigs which 343 were longer than 1 kilobase but not included in the corresponding MAG (Fig 3b) , 344 likely indicated wrongly binned contigs or possibly indicated sequence variation 345 between strains of the same population. In the MAG assembly, only contigs 346 longer than 1 kilobase were used as input to the binning, because short contigs 347 are difficult to cluster correctly [27] . A high percentage of reads in this category 348 would indicate substantial false negative binning errors -this was not the case 349 ( Fig. 3b) . Instead, the false negative rate of the binning was low -on average only 350 3.6% measured as number of genomic bases. 351
352
Either the SAG reads mapped to parts of the metagenome assembly with contigs 355 that were not successfully assembled past the length cutoff of 1 kilobase (Fig.  356 3c), or the genomic region to which the SAG read corresponded did not assemble 357 well enough for the read to map (Fig. 3d ). Since these categories had 358 substantially higher proportions of reads, our comparison indicated that the 359 metagenome assembly process had a larger effect on the level of incompleteness 360 of the MAGs than the binning process itself. Improvements of metagenome 361 assembly strategies have recently been made [56, 57], possibly reducing the 362 influence of this issue. Furthermore, the metagenome assembly probably 363 resulted in short contigs due to either too low coverage or high intraspecific 364 diversity within the sample. These results indicate that it is rewarding to invest 365 in high coverage and to carefully optimize metagenome assembly if one wants to 366 recover as complete MAGs as possible. 367
368
No significant core genome enrichment in MAGs
369
A potential problem with binning using coverage variations over multiple 370 samples is that strain-specific genes can have different abundance profiles than 371 the core genome if multiple strains of the same species are present in the 372 samples [27] . Therefore strain-specific and core genes are at risk of being placed 373 into different bins and the use of single copy core genes as an estimate of 374 completeness would result in an overly optimistic measure for the core genome 375 bin. If any of the MAGs would be artificially core-genome-enriched in the binning 376 procedure, we would expect a large fraction of the SAG reads, in particular those 377 corresponding to the non-core genome, to map to the long contigs that were not 378 in the MAGs. This was however not the case, as only a very small fraction was 379 detected (Fig 3b) . These findings indicate that core genome enrichment in the 380 construction of MAGs is likely a smaller problem than the metagenome assembly. Since Mash only gives an estimation of the nucleotide distance, we also subjected 523 two additional clusters just over the 10% dissimilarity limit (BACL24 and 524 BACL30) for alignment with MUMmer. Out of these, BACL30 resulted in the best 525 alignment at 96.5% identity and alignment rate of the SAG at 53.7%. However, 526 none of these two clusters were included in the comparison. 
